I. INTRODUCTION 5G mobile wireless networks are expected to deliver a variety of non-incremental improvements over the previous generation. Although some wonder whether 5G is just a supply-chain induced bubble rather than a solution that consumers and verticals really need, there is no doubt that 5G technology is today the object of unprecedented interest and high expectations. As higher data rates and carrier frequencies will characterize 5G networks [1] , cells will inevitably become smaller to increase area spectral efficiency and this will require easy access to backhaul capacity.
As cell density grows, backhaul availability needs may require the use of utility poles, towers, rooftops, down to street furniture and light poles. Despite the availability of many wired and wireless technologies, the difficulty of providing ubiquitous high speed backhauling capable of supporting the low latency (< 150 ) requirements necessary for Centralized Radio Access Network (C-RAN) and Coordinated Multi-point Processing (CoMP) will likely be there for some time [2] . This paper describes an unconventional but promising backhauling technique which uses overhead bare metal Medium Voltage (MV) power lines as open waveguides [3] , [4] . We note that this way of using power lines for telecommunications is very different from conventional Power Line Communications (PLC) [5] , where power lines are used as transmission lines. When using power lines as open waveguides, the excited (principal) mode actually propagates around the power line as a Transverse Magnetic (TM) mode and not through it as a Transverse Electromagnetic Mode (TEM).
The basic theory of using wires as open waveguides was developed over a century ago by Sommerfeld [6] , extended in the 1950s by Goubau to the case of metal waveguides coated with a dielectric [7] , [8] , and then nearly "forgotten" for 50 years as, despite its appealing low attenuation, open waveguides found little or no practical applications. A primary reason for this is that experiments often could not detect the "surface" wave predicted by Sommerfeld. In fact, guided, partially guided, and radiated waves are generally simultaneously present, and it is the kind of excitation that determines which type of wave dominates -see [9] [10] [11] [12] for additional considerations and examples on launching devices. Another reason that made impractical Sommerfeld surface waves is their large field extension around the wire, which could be as large as several meters at sub-GHz frequencies. Thus, a bare metal open waveguide would require a lot of free space around it in order to let the wave propagate undisturbed, as wave propagation would be affected by bends and discontinuities along the line.
In the last decade, the topic of open waveguides was rediscovered. In 2004, Wang and Mittleman were the first ones to suggest that a simple bare metal wire could be used as a waveguide "to transport terahertz pulses with virtually no dispersion, low attenuation, and with remarkable structural simplicity" and for applications in sensing, imaging and spectroscopy [13] .
The first recent mention of Sommerfeld guided waves for telecommunications applications was made by Glenn Elmore of Corridor who proposed using overhead bare metal MV power lines as open waveguides to enable a "Distributed Antenna System (DAS) network for wireless mobile service providers" [14] and also to solve the last mile broadband access problem [3] . In a 2016 press release, AT&T disclosed the carrier's plans to use MV power lines as open waveguides for delivering "ultra-fast wireless connectivity to any home or handheld wireless device" [4] . Finally, in 2017 Prof. Cioffi disclosed a novel method for providing Terabits per second over existing Digital Subscriber Lines (DSL) by exciting a guided mode between twisted-pairs within a DSL binder and using MIMO-like processing to handle the various modes 978-1-5386-3180-5/18/$31.00 ©2018 IEEE propagating along the waveguide [15] . Although propagation in TDSL is still guided, the propagating wave is likely a Surface Plasmon Polaritron which has a very different nature from the Sommerfeld waves addressed here and it is excited at infrared frequencies or higher [16] .
Despite this renewed interest, very few communications oriented papers are available in the open-waveguiding literature and a commonly agreed upon channel model is still lacking.
This paper provides a numerical solution to the characteristic equation of the bare metal open waveguide derived by Sommerfeld, bypassing the need of making frequency dependent approximations and making available the axial propagation constant ℎ over a very wide frequency range (from Hz to PHz). Then an analytical expression for the channel transfer function is derived and used to calculate important channel characteristics such as Root-Mean-Square Delay-Spread (RMS-DS), group velocity, and channel capacity. To the best of the authors' knowledge, these communications quantities are reported for the first time for bare metal open waveguides.
II. PROBLEM FORMULATION
Let us consider the problem of a wave propagating on a circular cylinder of metal wire immersed in air. This is shown in Figure 1 : the central region is a conductor of radius with permittivity , permeability , conductivity , and all is in air with permittivity and permittivity . Hereafter, subscripts "0", "c", and "a" in permittivity , permeability , conductivity , radial propagation constant , and wavenumber shall denote vacuum, conductor, and air. Finally, Using the coordinate system in Figure 1 , the general solution of the fields inside conductor, dielectric, and air at a distance from the center of the conductor is given by (see [6] and [17] ):
where we have: 1) ( = 0, 1) are the usual cylinder functions which can be expressed as either a linear combination of Bessel functions of the first ( ) and second kind ( ), or of Hankel functions (
is the radial propagation constant, i.e. orthogonal to the direction of the metal cable. 3) ℎ is the axial propagation constant, i.e. along the direction of the metal cable, and it is the same in both conductor and air 1 . 4) is the relative permeability of the medium . 5) is a constant determined by boundary conditions. The field components can be obtained by applying the boundary conditions below:
1) The tangential component of and fields must be continuous at the surface of the conductor ( = ). 2) Inside the conductor ( ≤ ) fields must be finite, thus the solution is expressed in terms of Bessel functions. 3) Outside the guide, i.e. in air ( ≥ ) the field must decay to zero for → ∞, thus the solution must be expressed in terms of Hankel functions. For numerical computations, we will use the values shown in Table I . 
III. BARE METAL WIRE CASE (SOMMERFELD-WAVE)
A good overview of this case can be found in the book by Stratton [17] . Stratton reports several findings on the propagating modes:
1) There are an infinite number of symmetric and asymmetric electric and magnetic waves of propagation along a solid conducting cylinder each characterized by a discrete set of propagation constants ℎ , . 2) If the conductivity of either medium is infinite, then the propagating waves must be either TM or TE. 3) If the conductivity is finite, a superposition of electric and magnetic type waves is necessary to satisfy the boundary conditions, except for the symmetric ( = 0) excitation. 4) Among the infinite symmetric modes ℎ 0, , there is only one mode characterized by small attenuation and this principal mode is a TM mode. 5) All other modes (axially symmetric TE and asymmetric modes) are damped out quickly, within a few centimeters even at frequencies as low as 1 Hz.
6) As the conductivity of the cylinder is decreased, the attenuation of the principal wave increases. In this case, the cylinder functions describing the field inside the conductor are the bessel functions of the first and second kind as they are finite for = 0. For the field outside the conductor and in air, the Hankel functions of the first kind At a distance from the center of the conductor, the cylinder functions take the following forms [17] :
where and are the radial propagation constants of the modes propagating inside the conductor and in air.
A. The characteristic equation for the principal TM mode
The and fields must be continuous at the surface of the conductor. Equating the ratio of and at = using the equations valid inside and outside the conductor, allows us to find the following characteristic equation for the principal TM mode [17] :
1 ( )
A variety of authors have solved (6) making approximations appropriate for low frequencies [6] , [7] , [17] . King and Wiltse solved (6) in 1962 for the first time for frequencies in the THz region [18] . In this paper, rather than making approximations based on the frequency range of interest, we forgo the desire of an analytical solution, and we manipulate (6) in a way that lends itself to being solved numerically via iterative methods. This method is applicable at any frequency range provided that a good frequency dependent starting point is used.
The first step is to express (6) in implicit form. From the fact that ℎ must be the same for air and conductor, it descends that
Substituting the former in (6), we obtain the following equation implicit in :
0 ( )
where:
( ) ( ) .
• 0 = 2 √ 0 0 = 2 / is the free-space wavenumber and is the speed of light in vacuum.
• ( ) ≃ 1 is the relative permittivity of air.
• ( ) = 0 − 2 0 is the relative permittivity of the conductor with conductivity .
• ( ) and ( ) are the relative permeabilities of conductor and air, and they are both ≃ 1. Equation (7) 
1) Numerical issues:
The ratio of Bessel functions that appears in (7) may give rise to numerical issues when the argument becomes very large, as it happens at THz frequencies and above. To solve this problem we employed the approximation suggested by Orfanidis [19] , based on the asymptotic expansion of Bessel functions [20] . A recent interesting alternative is to use the Lambert-W function [21] . 
B. Axial propagation constant and lateral field extension
Once is found, other quantities of interest to communications engineers can be derived. The axial propagation constant ℎ and the radial propagation constant inside the conductor are easily found as:
The following quantities can be derived from ℎ: 1) Phase velocity:
2) Group velocity: ( ) = 3) Attenuation in nepers per meters:
The lateral field extension can be easily calculated considering the area of radius within which a certain percentage of power is contained. The fraction of power flow within the annular area of radius around the wire is [18] :
where is the total transmitted power along the axial direction and ( ) is the power within the annular area of radius from the wire's surface. By setting the value ( ) / to the power fraction of interest, one can find the radius of the region within which that fraction of power is contained. For example, if we are interested in the area where 90% of power flows, the equation to solve with respect to is:
In the mmW range of interest to 5G (30 − 100 GHz), we can see that the line attenuation is a fraction of a dB/m with a lateral field extension in the range of 6 − 60 cm depending on cable thickness. The group velocity ( ) normalized to the speed of light in vacuum has also been calculated and it is shown in Figure 4 .
The propagation in the bare metal open waveguide is very close to the speed of light in vacuum for a wide frequency range. This allows for reduced latency compared to conventional transmission lines like twisted-pairs and coax whose propagation speed is around 2/3 the speed of light in vacuum. Figures 2-4 are an example of the capability of the approach followed here, where attenuation in dB/m and lateral field extension can be found for a very wide range of frequencies. 
IV. CHANNEL CHARACTERISTICS
An analytical expression for the transfer function will be given for the first time in the next sub-section. The ISI will be quantified in terms of Root-Mean-Square Delay-Spread (RMS-DS), which is the square root of the second central moment of the power-delay profile of the channel. We will here consider the band 1 − 100 GHz and also compute the channel Shannon capacity. As no information appears to be available on the noise environment of MV lines at GHz frequencies, for capacity calculations it will be assumed that the Power Spectral Density (PSD) of the noise is equal to −120 dBm/Hz. Figure 5 shows the channel gain reported in Figure 2 in the frequency band 1 − 100 GHz. From the Figure, we can appreciate that the channel gain in dB/m and the frequency in Hz are very close to be linearly dependent when plotted in a log-log scale. The transfer function in dB of a link of length can then be expressed as:
A. Modeling of the Transfer Function
= − 1 10 ( ) − ( ) (13) where ℎ is the axial propagation constant defined in Sect. II, is expressed in Hz, and in meters. The parameters ( ) < 0 and ( ) > 0 depend on the conductor radius and can be calculated from:
For example, in the frequency interval 1 − 100 GHz and for = 0.5 mm, we have = −0.66 and = 7.66. 
B. The Impulse Response
The impulse response is very similar to a Dirac for short distances and tends to attenuate and broaden as the signal travels along the line. A plot of impulse responses at distances ranging from 50 m to 500 m is shown in Figure 6 . The amplitude is visibly decreasing at longer distances, but it is not possible to appreciate the pulse broadening on the scale. In Figure 7 , we show the linear relationship between the logarithm of the RMS-DS and the average channel power gain = 10 log(
. The same linear relationship was unveiled in [22] for a variety of wired and wireless links. 
C. Statistical Analysis
We have verified that both the average power gain in dB and the RMS-DS are lognormally distributed. Both the AndersonDarling and the Shapiro-Wilks tests confirmed lognormality at the 5% significance level. Similar results for a variety of transmission lines were reported in [22] , [23] .
D. Channel Capacity
In a first set of simulations, we have calculated the achievable channel capacity, which can be expressed as:
where is the sub-channel index, is set of sub-channels carrying information, is the utilized frequency band, and Γ represents an SNR gap factor from Shannon capacity that accounts for the deployment of practical modulation and coding schemes [24] . This gap measures the efficiency of the transmission scheme with respect to the best possible performance in Additive White Gaussian Noise (AWGN) and can be approximated in dB as follows: Γ ≈ 9.8 + − , where is the coding gain in dB ensured by the employed line code and is the desired system margin in dB. For the simulations, we have used:
= 6 dB, = 8.8 dB, a band of 1 − 100 GHz, a white noise power density of = −120 dBm/Hz. A practical spectral efficiency cap of 12 bits/sec/Hz was also imposed. Figure 8 shows the enormous carrying capacity of a bare copper wire which can achieve between a few hundred Gbps to 1.2 Tbps at reasonable distances. On a 10 mm radius cable and at 100 m, a data rate of 1 Tbps could be reached with just 1W of total transmit power. V. EFFECT OF BENDS AND DISCONTINUITIES Discontinuities along the line (splices, water, nearby objects) disturb the power flow around the wire converting the power of the principal mode into other (usually lossy) modes or they can also cause additional power loss by sky radiation. Furthermore, the important issue of how much degradation is caused by moist and rain is not yet well known, although the little data available shows substantial degradation at cmW frequencies [25] , [26] . These aspects are not included for now in the presented analysis and are left for further study.
The degradation due to rain is not specific to bare metal waveguides, and it is also present in conventional wireless communications at mmW. To solve this problem, one can add a Free Space Optical (FSO) link for diversity to provide a fall back to either link when it rains or there is fog [27] .
VI. CONCLUSIONS This paper addressed the problem of modeling a single conductor bare metal open waveguide. Numerical techniques have been used to avoid frequency-dependent approximations, thus allowing solving the wave characteristic equations over a very wide range of frequencies (Hz to PHz) and arriving at an analytical expression for the channel transfer function. The best frequency range is in the 5G mmW range and above, where low attenuation and low lateral field extension are ensured together with very high channel capacity.
This kind of open waveguide can be an excellent solution in support of backhauling and broadband access applications in suburban and rural scenarios, where there is an abundance of overhead bare metal power lines.
